The National Renewable Energy Laboratory (NREL) has developed a fully transient, onedimensional, thermal/hydraulic model of vehicle air conditioning systems, demonstrated that model to identify system-level design interdependencies among components, and performed multi-parameter, system-level optimization of vehicle air conditioning systems to improve vehicle fuel economy and reduce emissions. The model was developed within SINDA/FLUINT analysis software and has been integrated with NREL's ADVISOR vehicle simulation code and NREL's vehicle solar thermal load estimator code to perform co-simulations of vehicle systems, air-conditioning (A/C) systems, and cabin thermal/fluid performance for user-specified environmental and vehicle driving conditions. The transient thermal/hydraulic model takes a fundamental-principle approach to capture all the relevant physics of transient A/C system performance, including two-phase flow effects in the evaporator and condenser, refrigerant and component inertia effects, compressor speed effects, air side heat transfer on the condenser/evaporator, vehicle speed effects, time-and position-varying heat transfer conditions, vehicle speed effects, temperature-dependent properties, environmental loading and ambient temperature conditions on the vehicle, and integration with a simplified cabin thermal model. The fundamental-principles approach of the integrated system is the only way to truly optimize the A/C system to maximize performance (i.e., minimize power consumption). This work focuses on R-134a A/C systems, but future efforts could modify the model to investigate the transient performance of alternative refrigerant systems such as carbon dioxide systems.
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ABSTRACT
The National Renewable Energy Laboratory (NREL) has developed a transient air-conditioning (A/C) system model using SINDA/FLUINT analysis software. It captures all the relevant physics of transient A/C system performance, including two-phase flow effects in the evaporator and condenser, system mass effects, air side heat transfer on the condenser/evaporator, vehicle speed effects, temperature-dependent properties, and integration with a simplified cabin thermal model. It has demonstrated robust and powerful system design optimization capabilities. Single-variable and multiple variable design optimizations have been performed and are presented. Various system performance parameters can be optimized, including system COP, cabin cool-down time, and system heat load capacity. This work presents this new transient A/C system analysis and optimization tool and shows some high-level system design conclusions reached to date. The work focuses on R-134a A/C systems, but future efforts will modify the model to investigate the transient performance of alternative refrigerant systems such as carbon dioxide systems. NREL is integrating its transient A/C model into NREL's ADVISOR vehicle system analysis software, with the objective of simultaneously optimizing A/C system designs within the overall vehicle design optimization. 
NOMENCLATURE
INTRODUCTION
Major U.S. Department of Energy (DOE) objectives include developing innovative transportation technologies and systems that decrease vehicle fuel consumption and emissions across the nation, thereby reducing the nation's reliance on foreign oil consumption. Vehicle A/C systems represent the major auxiliary load on the engine of light-duty passenger vehicles, sport-utility vehicles (SUVs), and mini-vans. It can also be a significant auxiliary load on heavy-duty vehicles. The A/C system performance has a dramatic effect on fuel consumption and exhaust emissions. Recent studies [1] have shown that, during the SC03 drive cycle, the average impact of the A/C system on seven light-duty vehicles was to increase (1) fuel consumption by 28%, (2) carbon monoxide emissions by 71%, (3) nitrogen oxide emissions by 81%, and (4) non-methane hydrocarbons by 30%. The A/C system experiences transient conditions throughout standard drive cycles and during typical city/highway driving patterns around the country. In particular, the evaporator load, compressor speed, refrigerant flow rate, and heat exchanger airflow rates can be variable. Knowledge of the transient A/C system behavior is critical to understanding A/C performance requirements, optimizing the A/C system design, and minimizing its effects on vehicle fuel consumption and emissions throughout a drive cycle. Consequently, the National Renewable Energy Laboratory (NREL) and other researchers [2] [3] [4] [5] [6] are giving increased attention to analyzing and modeling steadystate and transient A/C system performance.
TRANSIENT AIR-CONDITIONING SYSTEM MODEL
In order to more completely understand and quantify transient A/C system performance and its impact on vehicle fuel consumption and emissions, NREL has developed a transient A/C model using SINDA/FLUNT analysis software [7] and is integrating it with the ADVISOR vehicle systems analysis software [8] . The transient, one-dimensional, thermal-hydraulic model was developed using a nominal representative A/C system that was identified in discussions with NREL's automotive industry partners. This transient model captures all the relevant physics of transient A/C system performance, including two-phase flow effects in the evaporator and condenser, system mass effects, air side heat transfer on the condenser/evaporator, vehicle speed effects, temperaturedependent properties, and integration with a simplified cabin thermal model. This model can predict typical transient A/C compressor power requirements, system pressures and temperatures, system mass flow rates, and two-phase/single-phase flow conditions throughout the A/C system flow circuit. The model currently does not calculate any fan power required to operate condenser or cabin evaporator fans.
SINDA/FLUINT analysis software is capable of rigorously analyzing the various two-phase flow regimes, such as bubbly flow, slug flow, annular flow, and the heat transfer and pressure drop conditions in both the evaporator and condenser. It contains several built-in heat transfer coefficient and friction factor correlations that are used to automatically evaluate heat transfer, pressure drop, and flow quality conditions within the A/C system components during its system computations. SINDA/FLUINT also has built-in correlations for determining transitions between different two-phase flow regimes in the condenser and evaporator, and can easily analyze slip flow conditions that often occur during two-phase flow in these components. Accounting for slip flow conditions during two-phase flow produces an additional level of modeling sophistication and often has helped in matching "real-world" A/C system experimental data. The Component Effects section presents flow quality and flow regime results, and discusses the influence of system components on compressor power, system pressure profiles, flow quality, flow regimes, and heat transfer behavior in the condenser and evaporator.
The simplified cabin thermal model predicts cabin and panel outlet temperatures during transient cool-down periods and during steady state operational periods. The combined model predicts A/C system and cabin thermal conditions during various drive cycles, including vehicle idle, SC03, US06 or other typical federal test and passenger-induced drive cycles. The SC03 and US06 federal drive cycles, shown in the APPENDIX, are currently incorporated within the transient A/C model so that transient performance and optimization results can be tailored to each unique set of driving conditions. With its current integration to a simplified cabin model, the transient A/C system model thereby provides the system link connecting cabin thermal comfort requirements back to vehicle fuel consumption and emissions. Future work will continue to integrate the transient A/C model to higher fidelity, threedimensional cabin thermal/fluid models based on finite element computational fluid dynamics formulations. Figure 1 shows schematic diagrams of typical vehicle vapor-compression air-conditioning systems. The type of system being modeled in this work is actually a capillary tube system that behaves similarly to the orifice tube system (Figure 1a) . Figure 2 shows a schematic diagram of the transient SINDA/FLUINT model of a nominal representative A/C system represented in Figure 1 . The model consists of a nominal compressor, condenser design (heat exchanger HX3000), expansion device, and evaporator design (heat exchanger HX 6000). The model includes thermal regeneration between the expansion device and the suction line. [2] . In Figure 3 the isentropic efficiency for a typical A/C compressor has maximum values dependent on different pressure ratios. At low pressure ratios near 4, a maximum isentropic efficiency of approximately 0.95 occurs at low compressor speeds near 400 rpm, degrading to less than 0.45 at compressor speeds near 4000 rpm. At pressure ratios of 12, the maximum isentropic efficiency of approximately 0.55 occurs at compressor speeds of near 1400 rpm, holding relatively constant at about 0.5 out to 4000 rpm. Lower isentropic efficiency simply means the compressor is operating less efficiently and therefore using more energy to accomplish the same system flow pressurization. Figure 4 shows that the compressor volumetric efficiency also has maximum values dependent on different pressure ratios. Volumetric efficiency is a measure of how efficiently the compressor supplies the mass flow through the A/C system. It is very important from an A/C system design perspective to understand this relationship and where optimum compressor performance regions exist. The compressor impeller inertia is currently not modeled because (1) the impeller inertia is small and responds quickly to speed changes, and (2) the transient flow conditions are more highly influenced and controlled by the compressor's inlet and outlet pressures.
The condenser heat exchanger is modeled as a serpentine-type design with 6 serpentine passes, 10 parallel channels, and a weight of 4.99 kg (11 lbms). The tube diameter was an optimization variable and determined as discussed in the following section on system optimization. The evaporator heat exchanger is also a serpentinetype design with 12 serpentine passes, a tube diameter of 0.159 cm (0.0625 inch), and a weight of 2.99 kg (6.6 lbms). The heat exchangers were typical of designs shown in Kargilis [9] . Figure 5 shows the SINDA/FLUINT model of the condenser, with its numbering scheme for fluid lumps (i.e., volumes) and fluid paths (i.e., connectors). Figure 6 shows the SINDA/FLUINT model of the evaporator with its fluid lump and path numbering scheme. The transport lines shown in Figure 2 between the compressor and the condenser and between the condenser and the expansion device are critical components in the A/C system design. Their diameter and length impact system performance. Compressor characteristics and expansion device diameter are other key system parameters that impact transient system performance. The System Optimization Studies section will demonstrate how optimizing system performance (i.e., COP) is dependent not only on the component designs, but their interdependency on each other, particularly interrelationships between the compressor, condenser, and expansion device.
The transient A/C model also contains a simplified cabin thermal model that is a two-node model consisting of the cabin air thermal mass and interior cabin hardware mass representing seats, instrument panel, consoles, and various other cabin components. The typical cabin air volume is 2.88 m 3 (102 ft 3 ) and the typical interior cabin hardware mass is 453.5 kg (1000 lbms) in this model. The cabin is modeled to absorb passenger thermal energy dissipation and wavelength-integrated solar thermal energy passing through the vehicle windows. The cabin model also incorporates conductive thermal energy exchange between the cabin internal air and the external ambient environment and convective thermal energy exchange between the cabin internal air and the internal cabin mass. Humidity effects, and corresponding latent thermal energy in the cabin air, also are accounted for 13 during cabin cool-down periods. Figure 7 shows the schematic of the cabin thermal/fluid sub-model coupled with the transient A/C system model. . The compressor power was normalized by the average compressor power over the SC03 drive cycle, but the variation in compressor power is quite substantial. A pressure spike in the compressor outlet and condenser inlet pressures (shown in Figure 9 ) occurs with each compressor power spike in Figure 8 . These pressure spikes are associated with vehicle accelerations in the SC03 drive cycle and are similar to those discussed by Wang et al. [3] . Figure 10 displays the corresponding typical cabin temperature cool-down prediction from the transient A/C-cabin thermal model during the same 10-minute SC03 drive cycle after the same extreme hot soak conditions to 75°C (167 o F). The cabin cool-down is characterized by two distinct thermal time constants in Figure 10 ; one is a very rapid temperature decay initially that is then followed by a slower temperature decay as heat exchange between the hotter cabin hardware (i.e., seats, consoles, etc.) and the air dominates the cabin air cool-down. In the Figure 10 data, a rather high convection coefficient between the interior cabin hardware and cabin air is used, so the cabin cool-down is rather slow in this case, only reaching about 52°C (126°F) after 10 minutes. No system performance optimization has been done, so cool-down is not optimal in these cabin cool-down results.
The A/C model flexibility allows us to modify easily any model parameters to simulate any particular vehicle A/C system of interest to DOE or our industry partners. These features have allowed us to investigate a wide range of vehicle transient A/C behavior, including that in Ford Explorers and systems using electrically driven compressors. Figure 11 show the compressor power versus time profile for a second compressor design typical of a well known industry standard compressor. Comparing Figures 8 and 11 shows the compressor power profile can change dramatically, with much smaller magnitude variations, during the SC03 drive cycle simply by using a 14 compressor more tailored for the specific system design of interest. Figure 12 shows the pressure profile versus time during the SC03 drive cycle for the second compressor design. The pressure profile for this second compressor also shows smaller magnitude variations relative to those shown in Figure 9 , reflecting the difference in compressor power behavior between Figures 8 and 11. Figure 13 . During the drive cycle the condensation front (red) shifts position in the condenser, which causes flow and heat transfer conditions to vary dynamically. A similar front movement occurs with the evaporation front in the evaporator. Figure 14 displays a typical evaporator flow quality profile prediction during an SC03 drive cycle. The evaporator here is represented by 10 discrete sections (i.e., flow lumps), and red again indicates full vapor conditions, but here blue represents varying degrees of two-phase flow conditions. It is critical to account for and understand this two-phase flow behavior in developing optimized systems. Dynamically variable two-phase flow behavior in both the evaporator and condenser certainly complicates the design and optimization of vehicle A/C systems. While the evaporator and condenser designs certainly affect their internal flow quality profiles and flow regimes, a further complication is that the compressor and expansion device (orifice or TXV) can have major effects on the flow quality and flow regimes within the evaporator and condenser during a typical drive cycle. The compressor performance can change the condensing front movement and the evaporation front movement in the condenser and evaporator, respectively. Similarly, the expansion device can change liquid front positions (blue in Figure 13 ) in the condenser and the evaporation front movement (red in Figure 14) within the evaporator. In the past, comprehensive analytic tools have not been available to quantify this behavior and determine its impact on the system design and optimization. However, the current SINDA/FLUINT transient A/C model provides a powerful tool to evaluate and understand these component-level effects on system designs prior to system fabrication and testing.
COMPONENT EFFECTS
The compressor characteristics can also affect the flow quality profiles in the condenser and the evaporator. Figure 15 shows the flow quality profile at different time points during the SC03 drive cycle for the second industrystandard compressor discussed relative to Figures 11 and 12. The condensation front, indicated by the dark red, exhibits different movement with time for this different set of compressor characteristics. Consequently, the flow quality profile for the second compressor is different than that shown in Figure 13 , thereby demonstrating how the compressor characteristics can actually affect the flow conditions, such as flow quality and therefore heat transfer, in the condenser. A similar effect occurs in the evaporator where the actual evaporation front movement is impacted by the different compressor characteristics. The expansion flow device also affects the flow quality profiles, and therefore heat transfer characteristics, in the condenser and evaporator. Additional system performance studies with this transient A/C system model have demonstrated that liquid front movement in the condenser is affected by the expansion device flow diameter, larger flow diameter moving the liquid front farther downstream in the condenser. Likewise, the vapor front in the evaporator moves farther downstream with a larger expansion device flow diameter.
The final point regarding component effects is that the heat transfer coefficient behavior in both the condenser and evaporator is strongly dependent on position and time during variable-speed drive cycles (i.e., SC03, US06, and other city/highway drive cycles). This effect is generally not accounted for in the steady-state design performance/sizing analyses done by automotive industry A/C system designers. Figures 17 and 18 display (heat transfer coefficient* area) versus time at various positions within the vapor, two-phase and liquid sections of the condenser during an SC03 drive cycle simulation. The legend numbering corresponds with the condenser model numbering in Figure 5 . Depending on time and position in the condenser, the heat transfer coefficient clearly varies in magnitude by factors of 5-6. This variable behavior is created by the flow rate variation with time and the flow quality variation with time and position shown in Figure 15 . Consequently, the heat transfer coefficient is not constant in time or with position as is often assumed in A/C system performance/sizing studies in the automotive industry. This greatly complicates A/C system design and optimization to reduce energy use and engine emissions. Figure 6 . The variation in heat transfer coefficient is again a factor of 5-6 between the evaporator two-phase flow regions in Figure 19 and the evaporator vapor flow regions in Figure 21 . In order to truly optimize vehicle A/C systems, one must account for these variations and their impact on the overall system design because of their impact on heat exchanger sizing and performance, and the resulting temperatures and pressures experienced downstream by the compressor. 
SYSTEM OPTIMIZATION STUDIES
Optimizing the A/C system design can significantly reduce the mass and volume of current A/C systems in various vehicles, and impact the A/C system control strategy, in satisfying cabin thermal comfort requirements. However, truly optimizing the A/C system design is complicated by the transient nature of the system performance and its inherent coupling to cabin thermal conditions (i.e., heat loads, air temperatures, vent configurations, etc.). Optimizing these systems requires one to consider a new "transient design" perspective. The A/C system pressures, temperatures, and condenser and evaporator flow conditions are all time-dependent. They are controlled by transient compressor speed, refrigerant and airflow rates, and vehicle thermal loads. Refrigerant and airflow rates are, in turn, determined by vehicle velocity and compressor speed, which is a function of engine speed in mechanically driven compressor systems. Compressor power, being typically proportional to compressor speed cubed, can be highly variable during the SC03 or any other drive cycle. Consequently, the important thermal design parameters, such as the evaporator heat load, compressor power, and COP, become timeaveraged design parameters given by equations: In some cases, time-integrated quantities of these parameters may be important in the system design and optimization. Our results to date have shown that indeed there exist optimum time-dependent profiles [p H (t)] opt and [X C (l,t)] opt that maximize system performance (i.e., maximizing COP for minimum energy use) in a given drive cycle. Of course, the same design concerns related to system cost and weight still exist and must ultimately be accounted for in the design optimization.
In the most rigorous sense, another complicating factor in predicting the transient performance of a vehicle A/C system is accurately modeling refrigerant inertia during compressor accelerations and decelerations. The SINDA/FLUINT A/C system model automatically calculates and tracks fluid inertia within its lump/path formulation and accounts for inertial effects on fluid behavior (within its equation set). Furthermore, the thermal mass, and therefore thermal energy storage potential, associated with each system component also must be simulated in all component and system energy balances. One then has to be concerned with time-average thermal energy storage for each i th component given by: [6] which complicates system and component energy balances. Accurately accounting for each of the timedependent quantities in a full A/C system transient analysis makes it imperative that a high-level system analysis tool, such as SINDA/FLUINT, be used in any A/C system design optimization studies based on transient performance.
Additional challenges exist because A/C system design optimizations can be performed using various systemlevel assumptions. Among these one can assume: Care must be taken in A/C system optimization work because the assumption made and the specific value assumed; for example, for initial system pressure or solar thermal load, can affect the final solution.
SC03 DRIVE CYCLE RESULTS -Optimization studies were initiated by performing a dual-variable optimization maximizing system COP, defined in Eq. 5, to determine the combined effect of transport line diameter and condenser tube diameter on the system design. The integrated A/C system/cabin thermal model was used to investigate a range of condenser tube diameters for constant system refrigerant mass (2.15 lbms) assuming an SC03 drive cycle, a cabin external solar load of 1600 Watts, a cabin passenger heat load of 200 Watts, and an initial internal cabin temperature of 75 o C (167 o F). The integrated A/C system/cabin thermal model in SINDA/FLUINT investigated a range of transport line diameter/condenser tube diameter combinations for the same constant refrigerant mass. Figure 22 shows the results of this dual-variable system optimization for SC03 drive cycle conditions in a three-dimensional plot of the COP versus transport line and condenser tube diameter, as determined during several optimization searches performed by SINDA/FLUINT. This optimization was performed within SINDA/FLUINT, accounting for all the two-phase heat transfer /pressure drop effects and flow transition effects in the condenser and evaporator. In any system optimization it is important to perform a comprehensive search of the variable design space to locate the optimum solution. Figure 22 shows the results of several different runs starting at various initial guesses. In general, the arrows in the Figure 22 plot show the various initial guesses for these parameters and general direction of solution as the optimization progresses to a solution. The optimal solution maximizing system COP was found to be a transport line diameter of approximately 2.29 cm (0.90 inch) and a condenser tube diameter of approximately 0.254 cm (0.10 inch). The optimal solution shown in Figure 22 demonstrates the design performance benefit of expending available pressure drop in the condenser, and thereby enhancing heat transfer in the condenser, and minimizing pressure drop in the transport lines between the system components. These optimum results are quite different from current vehicle A/C systems, transport line diameters are generally about 0.889-1.27 cm (0.35-0.5 inch) and condenser tube diameters of 0.508 cm (0.2 inch) are common. Again, this optimization was performed with SINDA/FLUINT, simulating all the two-phase heat transfer/pressure drop effects and flow transition effects in the condenser and evaporator.
One important point is that the optimal selection for condenser tube diameter is strongly affected by the dualvariable optimization in Figure 22 versus single-variable optimizations. A much different optimal condenser tube diameter will be discovered when only a single variable (i.e., condenser tube diameter) is optimized without any impacts from other design parameters. This demonstrates the strong interrelationships and effects between various system design parameters in the A/C system. A full system, multiple-variable optimization is required to accurately optimize system performance, whether maximizing system COP or optimizing other system performance parameters. Additional optimization studies were performed assuming a somewhat more realistic constant initial pressure at the start of the drive cycle and slightly different compressor characteristics. In these studies the initial system pressure was 1.689 MPa (245 psi). Figure 23 displays the latest results of this optimization study, with three different runs performed starting at three separate initial starting points. Arrows in Figure 23 again show the initial guesses for the design parameters and general direction of solution during the optimization. A different optimal solution was found as a result of changing the system assumption to constant initial pressure, rather than constant refrigerant mass, and using slightly different compressor characteristics. This solution is still tending toward larger transfer line diameters (approximately 1.29 cm or 0.51 inch), but it is also indicating larger condenser tube diameters (approximately 0.610 cm or 0.24 inch) than the previous optimization using constant refrigerant mass. This work emphasizes the need to optimize the A/C system as a system, even slight changes in one critical component like the compressor can lead to a much different optimum system design. Certainly taking one off-theshelf component and combining it with other off-the-shelf components, without a true system design approach and optimization, will not produce the optimum system performance. Multiple variable optimization studies were also extended to simultaneous optimizations of three design parameters, expansion device diameter, transfer line diameter, and condenser tube diameter, over the SC03 drive cycle. The initial system pressure assumption of 1.689 MPa (245 psi) was maintained, along with all the other system conditions depicted in Figures 22 and 23 . Previous dual-variable optimization work discussed earlier was problematic and tedious because, during the optimization process, it is actually quite easy to define and attempt to analyze a nonrealistic design. This quickly leads to computational stability problems because it is just as impossible to analyze a nonrealistic system design as it is to fabricate and test such a design. Although the optimization problem becomes more complex and computationally intense with triple-variable or quadruplevariable optimization, this work found that this does not necessarily lead to more computational instabilities. In fact, simultaneously optimizing the expansion device diameter, transfer line diameter, and condenser tube diameter was surprisingly stable, most likely due to the added degree of freedom in the system. As before, the system optimization runs started from multiple initial starting points with a constant initial pressure of 1.689 MPa (245 psi). Table 1 displays the results of five separate tri-variable optimization runs. The first column is the optimization loop count and tells how many solution iterations were required to achieve a solution and check for convergence. The next three columns show the design parameter values at each search point. The next column shows the value of the objective function, in this case the average COP over the SC03 driving cycle. The last column is simply the COP ratio relative to the maximum.
Among the five runs in Table 1 , Runs 2 and 5 determined two potential solutions that maximized COP within this group. In one case (Run 2), a relatively large expansion device diameter (0.221 cm or 0.0869 inch), a relatively large transfer diameter (2.02 cm or 0.795 inch), and a condenser tube diameter of 0.587 cm or 0.231 inch produced the optimal performance. In Run 5 a much smaller expansion device diameter and smaller condenser tube diameter, with roughly the same transfer line diameter (1.91 cm or 0.752 inch), produced the optimal result. Runs 1, 3 and 4 sachieved intermediate solutions representing local maximums that could go no further in the optimization process because of convergence criteria limitations. It is quite common in multivariable optimization of nonlinear problems to discover multiple solutions that satisfy, either maximizing or minimizing, the objective function goal. The solutions in Runs 2 and 5 correspond to quite different optimum system solutions that one would evaluate further. At this point, additional design information would have to be considered (possibly system cost, weight, etc.) to differentiate the two to one system-level solution. One could develop a different objective function involving additional design objectives and re-optimize the system design to quantifiably distinguish between the two solutions. The system optimization work has also been extended to a very interesting quadruple-variable optimization in which compressor displacement, expansion device diameter, transfer line diameter, and condenser tube diameter were optimized simultaneously. This optimization was intended to investigate the hypothesis that interrelationships between the compressor displacement and expansion device performance could lead to higher performing designs because of their combined impact on system pressure profiles and compressor pressure ratio. Table 2 shows the starting point designs and the optimum design results from this quadruple-variable optimization for three different initial system pressures (i.e., 1.627 MPa or 236 psi, 1.689 MPa or 245 psi, and 1.758 MPa or 255 psi) during the SC03 drive cycle. The optimum design points are highlighted in red. The optimum design point was slightly different for the three pressure cases, with the optimum expansion device diameter decreasing and evaporator thermal load at optimum design increasing as initial system pressure increases. The optimum transfer line diameter results show a minimum in these three cases at an initial system pressure of 1.689 MPa (245 psi). The optimum condenser tube diameter is exhibiting a maximum in these three cases at an initial system pressure of 1.689 MPa (245 psi). This is interesting behavior and it will have to be investigated further in future work to confirm and better understand it and its causes. In all three optimization runs, the optimum system design increased the system COP from about 1.14 to about 1.61, and decreased A/C compressor power approximately 35%, 37%,and 39%for the three optimization runs, respectively. Therefore, an optimum combination of compressor displacement, expansion device diameter, transfer line diameter, and condenser tube diameter exists that allows the A/C system to operate at its maximum COP over the SC03 drive cycle. It is quite noteworthy that the compressor power savings shown in the three optimization runs would translate into a fuel economy increase of 1.8-3.5 miles per gallon in today's vehicles.
Run
#1
Upon further investigating the performance increases in Table 2 , straightforward mass conservation within the A/C system, particularly on the high-pressure side of the system, leads to a relationship between the compressor displacement (volume), the expansion device flow diameter and the pressure ratio across the compressor:
Furthermore, an optimum compressor displacement/expansion flow area ratio exists that is related to optimum pressure profile conditions that maximizes the A/C system COP:
When examining the high-side pressure profiles, p H (t), for the three optimization runs shown in Table 2 , it was clear an optimum, [p H (t)] opt , exists and is related to the maximum system COP conditions. Figure 24 shows the pressure profiles, p H (t), for all the analyses performed for the 1.689 MPa (245 psi) initial pressure case in Table 2 . The Figure 24 pressure data show a distinct clustering (i.e., distinct darker pressure profile) about the "preferred optimum" pressure profile once the SINDA/FLUINT A/C model determined and focused on the optimum performance design. This preferred optimum pressure profile has distinctly much smaller pressure fluctuations than the other off-optimum pressure profiles in Figure 24 . The optimum design is therefore one in which pressure fluctuations, and the accompanying mass flow rate accelerations/decelerations, are minimized. The preferred optimum pressure profile and clearly related optimum compressor displacement and expansion device flow area forms the basis for believing that variable displacement compressors, variable orifice valves (VOVs) and electricaldriven compressors can significantly improve current A/C system performance, thereby reducing vehicle fuel consumption and emissions. There is undoubtedly also an optimum low-pressure profile, [p L (t)] opt , in Figure 24 , but variations from optimum are too small to detect and its impact on performance is smaller than the high-pressure profile, [p H (t)] opt . Future work will concentrate on identifying and quantifying the opportunities to improve vehicle A/C systems by using these system components, and system-level, fundamentals-based optimized designs evolved from integrated vehicle systems analysis. Additional studies of flow quality conditions in the condenser during these system optimizations also revealed that optimum flow quality profiles also exist associated with maximum COP conditions. Figure 25 demonstrates an example of the optimum flow quality profiles at certain positions in the condenser's two-phase region. The legend numbering again corresponds to the condenser lump numbering shown in Figure 5 . The darker flow quality lines again show the distinct clustering about the optimum flow quality profiles once SINDA/FLUINT has determined and begins focusing on the optimum system design. These optimum flow quality profiles are certainly associated with optimum two-phase heat transfer conditions within the condenser, although the work to date has not yet begun to quantify this relationship. Future work in this area will address this effect.
30
Non-Optimum Pressure Profiles Optimum Flow Quality Profiles US06 DRIVE CYCLE RESULTS -Multiple variable optimization studies were also extended to simultaneous optimizations of three design parameters, expansion device diameter, transfer line diameter, and condenser tube diameter, over the US06 drive cycle. All system assumptions used in the SC03 optimization studies were maintained. As before system optimization runs started from multiple initial conditions with the constant initial pressure of 1.689 MPa (245 psi). Table 3 displays the results of the five separate US06-drive-cycle optimization runs using the different initial starting conditions. Table 3 shows that this US06 design optimization produced a much different optimum system solution than that for the SC03 drive cycle. The optimum system performance for US06 drive cycle conditions was discovered at an expansion device diameter of 0.147 cm or 0.058 inch, a transfer line diameter of 2.07 cm or 0.813 inch, and a condenser tube diameter of 0.597 cm or 0.235 inch. This demonstrates that optimum system designs can vary depending on the drive cycle because of the different compressor and system flow dynamics. Therefore, a sophisticated optimization strategy simultaneously incorporating the impact of various drive cycles is required in future system design optimizations. The fact that the optimum A/C system design can vary with drive cycle conditions also creates the potential opportunity for a dynamically variable A/C system design based on drive cycle conditions. Some design work is being done in this area, but this work can greatly benefit from the dynamic A/C modeling capability presented here.
Finally, the quadruple-variable optimization studies, investigating combined simultaneous optimization of compressor displacement, expansions device diameter, transfer line diameter, and condenser tube diameter, were extended to the US06 drive cycle. Table 4 shows the results of this A/C system optimization for an initial system pressure of 1.703 MPa (247 psi). This optimization was run for the same set of conditions as the SC03 optimization results in Table 2 . The optimum A/C system design for the US06 drive cycle (highlighted in red) was again somewhat different from optimum designs for the SC03 drive cycle in Table 2 . This highlights (1) the need for optimizing the system design over a number of different drive cycles and (2) the opportunity for dynamically variable A/C systems to optimize performance dependent on drive cycle conditions. However, again a quite significant increase in A/C system COP during a US06 drive cycle, from about 0.99 to 1.24, is possible for the optimum combination of compressor displacement, expansion device diameter, transfer line diameter, and condenser tube diameter. The reason for this is quite the same as in the SC03 drive cycle case in Table 2 . An optimum pressure profile, flow quality profile, and heat transfer conditions exist that maximize the A/C system performance. In this US06 optimization study, compressor power decreased by 29.4%compared to the initial offoptimum system design. This compressor power decrease would again correspond to a 1.8-3.5 miles per gallon fuel economy increase in today's vehicles. Figure 26 shows the optimum high-side system pressure profile, [p H (t)] opt , discovered and associated with the optimum system performance point. Figure 27 displays the optimum flow quality profiles in the condenser two-phase region associated with the optimum system performance point.
A final note is required on this system optimization work. The optimization results shown in Tables 1 and 3 do not show large improvements in COP because of the particular choices of design variables selected to optimize, the convergence criteria that limited the global search in favor of maintaining computational stability, and the results to-date only represent a work-in-progress. However, Tables 2 and 4 show very significant improvements in A/C system COP if the proper combination of system design variables are optimized. The intent of this work was to present this new transient A/C system analysis and optimization tool, and show some high-level system design conclusions reached to date. Future work will simultaneously optimize more system variables with more sophisticated objective functions, involving system weight, cost, cabin cool-down time, and others, in identifying optimum vehicle A/C system designs. Optimum Flow Quality Profiles vehicle designs. The SINDA/FLUINT analysis software and the ADVISOR vehicle system analysis software contain built-in optimization capabilities that will optimize the vehicle A/C system within the overall vehicle design optimization process. This allows NREL to simultaneously optimize the A/C system with other vehicle systems, such as passenger cabin systems, engine coolant systems, energy recovery systems, and other dynamic systems using system co-simulation. (1) better understand optimum design conditions as functions of operating pressure and temperature; (2) better understand optimum two-phase heat transfer conditions and their relation to optimum flow quality profiles within the condenser; and (3) simultaneously optimize more system variables with more sophisticated objective functions, involving system weight, cost, cabin cool-down time, and others, in identifying optimum vehicle A/C system designs. Future work will also focus on investigating the effects of variable displacement compressors, variable orifice valves (VOVs) and electrical-driven compressors in optimizing transient A/C system performance to increase vehicle fuel economy and reduce vehicle emissions. NREL's desire also is to begin looking at specific A/C system designs of importance on specific vehicle platform projects at DaimlerChrysler, General Motors, Ford Motor Company, Visteon Corporation, and Delphi Automotive Systems to perform A/C system design optimization within overall vehicle design optimizations using ADVISOR. NREL has requested specific A/C system design data to develop project-specific A/C system models, perform A/C system optimizations relevant to industry-specific vehicle projects, and validate the transient A/C model against "real-world" experimental data in collaboration with automotive industry partners. NREL will also expand the model's use to heavy vehicle applications.
CONCLUSIONS
NREL has developed a robust, flexible, and fully transient vehicle Air-Conditioning model, integrated with a simplified cabin thermal environment model, in the SINDA/FLUINT analysis software environment. It is a 1-dimensional, thermal/hydraulic simulation tool that simultaneously models the entire A/C system and its components for various external vehicle environments and drive cycle conditions. The transient thermal/hydraulic model takes a fundamental-principle approach to capture all the relevant physics of transient A/C system performance, including two-phase flow effects in the evaporator and condenser, refrigerant and component inertia effects, compressor speed effects, air side heat transfer on the condenser/evaporator, vehicle speed effects, timeand position-varying heat transfer conditions in the evaporator and condenser, vehicle speed effects, temperaturedependent properties, environmental loading and ambient temperature conditions on the vehicle, and integration with a simplified cabin thermal model. It has demonstrated capability to predict transient system pressures and temperatures, mass flow rates, flow quality and flow regime conditions, transient compressor power, transient evaporator and condenser heat loads, and transient cabin thermal conditions during any user-specified vehicle drive cycle conditions. The fundamental-principles approach of the integrated system is the only way to truly optimize the A/C system to maximize performance (i.e., minimize power consumption). Using the model, NREL has demonstrated system-level design interdependencies among components, and performed multi-parameter, system-level optimization of vehicle air-conditioning systems to improve vehicle fuel economy and reduce emissions. The model currently focuses on R-134a A/C systems, but future work is planned to investigate advanced alternative refrigerant systems such as carbon dioxide systems.
The model was developed within SINDA/FLUINT analysis software and has been integrated with NREL's ADVISOR vehicle simulation code and NREL's vehicle solar thermal load estimator code to perform co-simulations of vehicle systems, air-conditioning systems, and cabin thermal/fluid performance for user-specified environmental and vehicle driving conditions. NREL's vehicle solar thermal load simulator predicts transient solar thermal loads on a vehicle for various drive directions, geographic locations, vehicle glass packages, and vehicle configurations. The SINDA/FLUINT transient A/C model then uses the solar simulator transient loads in predicting cabin thermal conditions. Model development continues to increase its analytic power and flexibility, while the SINDA/FLUINT model is continuously integrated within NREL's ADVISOR vehicle system analysis software. This analytic tool integration will allow NREL to optimize A/C system performance within the overall vehicle design optimization process using ADVISOR.
Various robust and powerful A/C system optimization capabilities and studies are demonstrated and reported herein. The transient AC/cabin model has been used to perform multiple-variable optimization of A/C system performance during SC03 and US06 drive cycles. Because of the strong inter-dependencies among A/C system and cabin design variable impacts, the results have demonstrated that multiple variable optimization is critical to truly optimizing A/C system performance for various drive cycles. Since various drive cycles can produce different optimum system designs, sophisticated optimization strategies must be developed simultaneously incorporating the effects of different drive cycles in the system optimization process. System optimization studies have shown
